The flagellar operons of Salmonella are divided into three classes with respect to their transcriptional hierarchy. Expression of the class 2 operons requires the class 1 gene products, FlhD and FlhC, and is increased by mutation in the flgM gene, which encodes a class 3-specific anti-sigma factor. Here we report the identification of two novel regulatory genes for class 2 transcription. Presence of the fliZ and fliT genes on multicopy plasmids enhanced and inhibited, respectively, transcription from a chromosomal class 2 promoter. Disruption of the fliZ and fliT genes on the chromosome decreased and increased, respectively, class 2 expression. These results suggest that the fliZ and fliT genes may encode positive and negative regulatory factors, respectively, for class 2 expression. Enhancement of class 2 expression by the flgM mutation was cancelled by the coexisting fliZ mutation, indicating that FliZ is essential for this enhancement.
Nearly 50 genes are required for flagellar formation and function in Salmonella and Escherichia coli. These flagellar genes constitute at least 14 different operons on the chromosome, and their expression forms a highly organized cascade called the flagellar regulon (Komeda, 1986; Kutsukake et al., 1990) . In this regulon, the flagellar operons are divided into three classes with respect to their transcriptional hierarchy . Class 1 contains one operon, flhD, consisting of two genes, flhD and flhC, whose products are required for class 2 expression. Class 2 contains at least seven operons including the fliA gene, which encodes an alternative sigma factor, σ 28 , specific for the class 3 operons (Ohnishi et al., 1990) . The fliA gene is transcribed also from a σ 28 -dependent class 3 promoter (Mytelka and Chamberlin, 1996; Ikebe et al., 1999a) . Therefore, this gene is under positive autoregulation. FliA-dependent expression of the class 3 operons is under negative control of FlgM, which acts as an anti-sigma factor specific for σ 28 (Ohnishi et al., 1992) . The flgM gene is also transcribed from both class 2 and class 3 promoters Kutsukake, 1994) . Transcription of the class 2 operons was shown in vitro to be directed by σ 70 -RNA polymerase in the presence of FlhD and FlhC (Liu and Matsumura, 1994; Ikebe et al., 1999a) . The FlhD/FlhC complex was postulated to act as an activator through contacting the α subunit of RNA polymerase (Liu et al., 1995) . DNase I footprinting analysis revealed the FlhD/FlhC-binding sites 30 to 80 bp upstream of the transcriptional start sites (Liu and Matsumura, 1994) . In all class 2 operons of Salmonella, FlhD/FlhC-dependent transcription was shown in vivo to be enhanced by the flgM mutation in the presence of a functional fliA operon (Kutsukake and Iino, 1994) . Though some of the class 2 operons have been shown to contain σ 28 -dependent promoters in addition to class 2 promoters (Liu and Matsumura, 1996) , most of the class 2 operons lack σ 28 -dependent promoters (Ikebe et al., 1999b) . Therefore, it is unlikely that enhancement of class 2 expression by the flgM mutation is attributable to the presence of the σ 28 -dependent promoters in these operons. In a previous paper (Kutsukake, 1997) , we showed that the flgM mutation up-regulated expression of the chromosomal flhD-lac fusion gene in the presence of the flhDC + genes on a multicopy plasmid. This suggested that enhancement of class 2 expression might be mediated via overexpression of the FlhD and FlhC proteins in the flgM mutant. However, our recent experiment indicated that transcription of the wild type flhD operon on the chromosome is not enhanced by the flgM mutation in the absence of the multicopy flhDC + genes (Yanagihara et al., 1999) . Therefore, there is a possibility that another unidentified factor(s) may be involved in regulation of the class 2 operons. DNA sequencing analyses of the flagellar gene clusters revealed that some of the flagellar operons contain additional genes, which had not been identified through classical genetic methods. For example, several genes of unknown functions have been found in the region IIIa flagellar gene cluster (Fig.1) . They include the fliT and (Quadroni et al., 1996) and is transcribed from its own non-flagellar promoter (Ikebe et al., 1999a) , this gene is unlikely to belong to flagellar genes. However, though most of the transcripts from the fliA promoter terminate between the fliZ and fliY genes, a few of them contribute to fliY expression (Ikebe et al., 1999a) .
fliZ genes in the fliD and fliA operons, respectively (Kawagishi et al., 1992; Mytelka and Chamberlin, 1996) . We showed later that a ∆fliT::kan mutant of Salmonella produced approximately twice as many flagella as the wild type strain (Yokoseki et al., 1995) and that a fliZ::kan mutant of Salmonella exhibited poor motility (Ikebe et al., 1999a) . These observations suggested that these two newly identified genes may encode regulatory factors for the flagellar regulon. This work was carried out to test this possibility.
Effects of the multicopy fliT and fliZ genes on expression of the flhD and fliA operons. We examined first expression of the chromosomal flhD-lac and fliAlac fusion genes in the presence of the fliT and fliZ genes on multicopy plasmids. Plasmids pSYIT1 and pTIIZ2 carry the fliT and fliZ genes on multicopy plasmid vectors pHSG398 and pSTV29, respectively (Table 1 ). The fliT and fliZ genes on these plasmids are expressed from nonflagellar promoters on the vector sequences. These plasmids were introduced by transformation into KK1107 (flhD-lac) and KK1108 (fliA-lac) (Table 1) , and ß-galactosidase activity was assayed with the resulting transformants grown in minimal medium containing 0.3% Casamino acids and 0.2% glycerol according to the method described previously (Kutsukake and Iino, 1994) . The multicopy fliT and fliZ genes had no significant effect on expression of the flhD-lac fusion gene (Table 2 ). This result indicates that neither fliT nor fliZ is involved in modulation of class 1 expression. On the other hand, expression of the fliA-lac fusion gene was greatly inhibited by pSYIT1 and greatly enhanced by pTIIZ2. Because the fliA-lac strain used here can not produce σ 28 , the transcriptional activity of the fliA-lac fusion gene should be solely due to transcription from the class 2 promoter. Therefore, this result indicates that the multicopy fliT and fliZ genes inhibit and enhance, respectively, transcription from at least the class 2 promoter, and these effects are independent of σ 28 .
Effects of the fliT and fliZ mutations on expression of the flagellar operons. Next, we examined the effects of fliT and fliZ mutations on expression of the flagellar operons using lac transcriptional fusion strains (Table 1) . As expected, expression of the flhD-lac fusion gene was not affected by either fliT or fliZ mutation (Table 3 ). All class 2 operons were up-regulated by the fliT mutation and down-regulated by the fliZ mutation (Table 3) . Because fliT is the lastly transcribed gene in the fliD operon ( Fig.1) , this up-regulation by the fliT mutation is unlikely to be caused by a polar effect of the kan insertion. Because the fliA promoter is known to contribute partly to expression of the non-flagellar gene fliY (Fig.1) , it is possible that the down-regulation by the fliZ mutation may be caused by a lowered expression of the fliY gene. However, this possibility is ruled out, because a fliY::kan mutation did not affect expression of any flagellar operons (data not shown). Therefore, we conclude that the fliT and fliZ gene products have negative and positive effects, respectively, on class 2 transcription. Because the fliT and fliZ genes are transcribed from the class 2 promoters (Fig.1) , this result indicates that the fliT and fliZ genes are autogenously repressed and activated, respectively. Therefore, the fliA operon is under dual autoactivation control: one from a FliA-dependent class 3 promoter and the other from a FliZ-activated class 2 promoter. Class 3 expression was also increased and decreased by the fliT and fliZ mutations, respectively (Table 3) .
Though we can not exclude a possibility that FliT and FliZ may be directly involved in regulation of the class 3 operons, these results can be explained by a sequential regulatory pathway: that is, the fliT mutation enhances expression of the fliA operon resulting in overproduction of σ 28 , which in turn causes an elevated expression of the class 3 operons, while the fliZ mutation inhibits expression of the fliA operon resulting in decrease in the σ 28 concentration, which in turn causes a lowered expression of the class 3 operons. Because the fliZ gene is included in the fliA operon (Fig.1) , the fliA-lac strain used here does not express the fliZ gene owing to the polar effect of Mud1(amp lac) insertion (Kutsukake et al., 1988) . Similarly, because the fliT gene is included in the fliD operon (Fig.1) , the fliD-lac strain used here does not express the fliT gene. However, fliA-lac expression was enhanced by the fliT mutation, and fliD-lac expression was inhibited by the fliZ mutation (Table 3) . These results indicate that FliT and FliZ can regulate class 2 expression even in the absence of FliZ and FliT, respectively. In order to confirm this, we examined the effect of the fliT fliZ double mutation on expression of the class 2 operons (Table 3) . As expected, their transcriptional activity was in an intermediate level: that is, it was lower than in the fliT mutant but higher than in the fliZ mutant. Therefore, we conclude that the FliT and FliZ regulatory systems operate independently of each other.
FliA-FlgM control of the class 2 operons. Because the fliT mutation enhanced chromosomal fliA-lac expression in the absence of a functional fliA gene (Table 3) , regulation by FliT should operate independently of the FliA (σ 28 ) regulatory system. We showed previously that the fliT mutation enhances FlgM export (Yokoseki et al., 1996) . Most of the class 2 genes are involved in formation of the flagellar hook-basal body structure, which is believed to act as an export pathway of FlgM Kutsukake, 1994) . Therefore, enhancement of FlgM export by the fliT mutation is attributable to increased flagellar number owing to enhanced class 2 expression.
We previously showed that enhancement of class 2 Ikebe et al. (1999a) expression by the flgM mutation is cancelled by the fliA::Tn10 mutation (Kutsukake and Iino, 1994) . However, because the fliA operon was later found to contain the fliZ gene (Fig.1) , the fliA strain we had used should not express the fliZ gene efficiently owing to a polar effect of the Tn10 insertion. This raises a possibility that FliZ is responsible for enhanced expression of class 2 in the flgM mutant. In order to test this possibility, we examined the effect of the fliZ mutation on expression of the class 2 operons in the flgM-mutant background (Table  3) . As reported previously (Kutsukake and Iino, 1994) , expression of the class 2 operons was enhanced 4 to 10 times by the flgM mutation. However, their transcriptional activities in the flgM fliZ double mutants were as low as those in the fliZ mutants. Therefore, we conclude that FliZ is required for enhancement of class 2 expression in the flgM-mutant background. In the flgM mutant, the class 3 promoter of the fliA operon is activated autogenously resulting in overproduction of the FliZ protein, which in turn activates the class 2 operons.
Regulatory factors for the flagellar regulon. In Table 4 , we summarize the regulatory factors for each class of the flagellar promoters in Salmonella. Both class 1 and class 2 promoters are transcribed by σ
70
-RNA polymerase (Yanagihara et al., 1999; Ikebe et al., 1999a, b) . Class 1 is under positive control of at least two global regulators, Crp and H-NS, and under negative control of its own products, FlhD and FlhC (Kutsukake, 1997) . FlhD and FlhC act in concert as an essential activator for class 2 expression . Class 3 promoter is transcribed by RNA polymerase containing fliA-encoded σ 28 (Ohnishi et al., 1990) . The σ 28 activity is negatively controlled by flgM-encoded anti-σ 28 (Ohnishi et al., 1992) . Intracellular concentration of anti-σ 28 is modulated by its export through the nascent flagellar structure Kutsukake, 1994) . Therefore, the flagellar structure itself can act as a positive transcriptional regulator in the flagellar regulon. This study adds two novel regulatory genes, fliT and fliZ, whose products have negative and positive effects, respectively, on class 2 transcription. Though the flhDC mutation reduced more than ten-fold the class 2 expression , the fliZ mutation reduced it only three-or four-fold (Table 3) . Therefore, unlike FlhD and FlhC, FliZ is not an essential factor for class 2 transcription. Both FliT and FliZ were predicted to contain coiled-coil domains (Pallen et al., 1997) , which sug- -lac, 150; flgB-lac, 130; flhB-lac, 21; fliE-lac, 19; fliF-lac, 51; fliL-lac, 50; fliA-lac, 13; flgK-lac, 180; fliD-lac, 150; tar-lac, 79; motA-lac, 150; fliC-lac, 190. gests that these proteins may exert their functions through specific protein-protein interactions (Lupas, 1996) . We anticipate that they may interact with the FlhD/FlhC complex to modulate its binding to class 2 promoters. Recently, Fraser et al. (1999) showed that FliT binds specifically to the flagellar filament capping protein, FliD, and proposed that this protein may be an export chaperone for FliD. If so, FliT should have a dual role in flagellar biogenesis at the level of class 2 transcription and at the level of filament assembly. We showed previously that the fliT mutation exerts a significant effect on flagellar number but not on filament assembly (Yokoseki et al., 1995) . This suggests that the primary function of FliT is a regulatory factor for class 2 expression. Experiments are now in progress to characterize in vitro the regulation of class 2 transcription using purified FliT and FliZ proteins.
The fliZ and fliA genes belong to the same operon. This may enable the class 2 and class 3 operons to be expressed coordinately. On the other hand, expression of the fliA and flgM genes forms a self-regulating circuit: that is, FliA enhances FlgM production, which in turn inhibits FliA production. Similarly, expression of the fliZ and fliT genes forms another self-regulating circuit: that is, FliZ enhances FliT production, which in turn inhibits FliZ production. These fliA-flgM and fliZ-fliT circuits may maintain expression of the class 3 and class 2 operons, respectively, at constant levels. Furthermore, these four regulatory genes are all transcribed from both class 2 and class 3 promoters, which may also contribute to coordinate expression of the class 2 and class 3 operons.
